Background and Aims-The 7α-dehydroxylation of primary bile acids (BAs), chenodeoxycholic (CDCA) and cholic acid (CA) into the secondary BAs, lithocholic (LCA) and deoxycholic acid (DCA) is a key function of the gut microbiota. We aimed to study the linkage between fecal BAs and gut microbiota in cirrhosis since this could help understand cirrhosis progression.
Introduction
There is emerging evidence that the gut milieu plays an important role in the progression of the complications of cirrhosis [1] [2] [3] . Studies have found dysbiosis in the gut microbiota in patients with cirrhosis that has the potential to influence complications such as hepatic encephalopathy [1, 2] . The gut milieu in cirrhosis involves the interaction between the microbiota and secreted factors such as bile acids (BAs) that can also modulate the gut barrier [4] . The gut microbiota are known to convert 7α-dehydroxylate primary BAs and chenodeoxycholic acid (CDCA) & cholic acid (CA) into secondary bile acids lithocholic acid (LCA) & deoxycholic acid (DCA), respectively [5] . Cirrhotic patients have been shown to have a lower proportion of secondary BAs in their bile but the mechanism for this is not clear [6] . Since BAs have important downstream pathophysiologic effects, a better understanding of the interaction between the intestinal microbiome and BAs is important to gain insight into the pathophysiology of cirrhosis [7, 8] . We hypothesized that the gut dysbiosis in cirrhosis may be related to this altered bile acid profile and that modulating the gut microbiota using a non-absorbable antibiotic may further affect the conversion of primary to secondary bile acids.
The aim was to study the linkage between fecal bile acid concentrations and the gut microbiota in cirrhotic patients with differing disease severity compared to healthy controls and to define the changes in this correlation after the administration of gut-selective, nonabsorbable antibiotic, rifaximin.
Patients and Methods
This study was divided into cross-sectional (comparison between cirrhotic patients and agematched controls) and longitudinal (a sub-group of patients with early cirrhosis were studied before and after rifaximin therapy) components.
Subjects
Subjects were prospectively recruited after informed consent. Cirrhotic patients (diagnosed using compatible biopsy, radiological or endoscopic evidence) and age-comparable controls were enrolled the cross-sectional study. We excluded patients who had been abusing alcohol/illicit drugs over the past 3 months, those on absorbable antibiotics, those unable to give consent or samples, with inflammatory bowel disease or diagnosed irritable bowel syndrome and on ursodeoxycholic acid or probiotics. Healthy controls without chronic diseases or on regular medications were recruited using advertisements or word of mouth referral. We divided patients with cirrhosis into early cirrhosis (Child Class A without history of decompensation) and advanced cirrhosis on the basis of decompensation (hepatic encephalopathy, ascites, variceal bleeding, hepatic hydrothorax or Child Class B and C). All subjects gave a detailed dietary history evaluation (prior seven days), a physical examination and collection of serum and fresh fecal samples on the day of the study while cirrhotics were also checked for venous ammonia and MELD score laboratory values.
The longitudinal study was carried out on a subgroup of patients with early cirrhosis, without any decompensation or prior HE who were treated with rifaximin 550mg BID for eight weeks. Stool samples were collected and analyzed before and after rifaximin therapy. Dietary intake was kept constant throughout the trial.
Serum was stored at −80°C for subsequent serum analysis of bile acids. Stool was freshly collected and divided into 2 parts (1) frozen at −80°C for subsequent bile acid analysis and (2) a portion for DNA extraction microbiome analysis.
Bile acid analysis
The initial analysis was performed using HPLC (supplementary data) and results were confirmed using liquid chromatography-electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) and gas chromatography mass spectrometry (GC-MS). Serum bile acid analysis was performed according LC-ESI-MS/MS as described by Muto et al [9] .
Interrogation of the Microbiome
Stool was collected and DNA extracted for microbiome analysis using published techniques [1, 10] . We first use Length Heterogeneity PCR (LH-PCR) fingerprinting of the 16S rRNA to rapidly survey our samples and standardize the community amplification. We then interrogated the microbial taxa associated with the gut fecal microbiome using Multitag Pyrosequencing (MTPS).
Microbiome Community Fingerprinting
LH-PCR was done to standardize the community analysis as previously published [10] . Briefly, total genomic DNA was using Bio101 kit from MP Biomedicals Inc., Montreal, Quebec as per the manufacturer's instructions. About 10 ng of extracted DNA was amplified by PCR using a fluorescently labeled forward primer 27F (5′-(6FAM) AGAGTTTGATCCTGGCTCA G-3′) and unlabeled reverse primer 355R′ (5′-GCTGCCTCCCGTAGGAGT-3′). Normalized peak areas were calculated using a custom PERL script and operational taxonomic units (OTUs) constituting <1% of the community from each sample were eliminated from the analysis.
MTPS
Specifically, we have generated a set of 96 emulsion PCR fusion primers that contain the 454 emulsion PCR linkers on the 27F and 355R primers and a different 8 base "barcode" between the A adapter and 27F primer. Thus, each fecal sample was amplified with unique bar-coded forward 16S rRNA primers and then up to 96 samples were pooled and subjected to emulsion PCR and pyrosequenced using a GS-FLX pyrosequencer (Roche). Data from each pooled sample were "deconvoluted" by sorting the sequences into bins based on the barcodes using custom PERL scripts. Thus, we were able to normalize each sample by the total number of reads from each barcode.
Microbiome Community Analysis
We identified the taxa present using the Bayesian analysis tool in Version 10 of the Ribosomal Database Project (RDP10). The abundances of the bacterial identifications were then normalized using a custom PERL script and genera present at >1% of the community were tabulated.
Statistical analysis
The ratio of mean secondary/primary BAs from the fecal samples derived from the values obtained was performed to reflect the relative concentrations of DCA vs CA (DCA/CA), LCA vs CDCA (LCA/CDCA) and mean total secondary/primary BAs (DCA+LCA/CDCA +CA). Comparisons were made between controls and cirrhosis and between early and advanced cirrhosis using t-tests for continuous data and chi-square and Kruskall-Wallis tests for non-parametric data. Analyses were also performed on the serum BA results between controls, early and advanced cirrhotic patients. We also compared patients with/without rifaximin within the cirrhosis group. Correlations between BAs and microbiome abundances were performed using Spearman's correlation analysis. Analysis of BAs before and after rifaximin therapy was performed using Wilcoxon matched-pairs rank tests.
Results
In the cross-sectional study, 47 cirrhotic patients (age 56±4 years, 32 men) and 14 agematched controls (age 54±3 years, 10 men) were included. The mean MELD was 12.3±6.5 and the majority had hepatitis C (66%) while 15% had alcoholic liver disease. Advanced cirrhosis was found in 24 patients; all had treated hepatic encephalopathy (100% on lactulose alone, 25% with additional rifaximin) while 88% had ascites on therapy with diuretics (Table 1) . Dietary constituents were similar between controls (mean daily intake 2320 Kcal and 21% protein) and cirrhotics (2185 Kcal and 18% protein) over the prior seven days without probiotics.
Fecal Bile acids
Total bile acids were significantly lower in advanced cirrhotics compared to the other groups ( Table 2) . We did not find the same spectrum of BAs or appreciable concentrations of 7-oxo-bile acids in all groups. Of the primary BAs, CA was present in a significantly higher percent of cirrhotics while CDCA was detected similarly in all groups (Table 1 ). In contrast, secondary BAs were present in a significantly lower percentage of cirrhotics. Secondary BA levels were highest in controls and lowest in advanced cirrhosis ( Table 2) . As follows, the ratios of all secondary to primary BAs and specifically of DCA/CA & LCA/CDCA were also lowest in advanced cirrhosis (Table 2) .
Comparison within the cirrhosis group
The median MELD score was significantly higher in rifaximin group (16.5) compared to those on lactulose alone (13) and those without HE (6.5, p<0.0001). Since the patients on rifaximin in the cross-sectional group were more advanced, it followed that there was a reduction of total BAs in that group. We found that in those on rifaximin and advanced cirrhosis there was a reduction in the ratio of secondary/primary bile acids (Table 3) compared to other groups, independent of bowel movement frequency.
Serum Bile acids
The majority of serum BAs were conjugated and there was a significantly higher level in cirrhotic groups, especially advanced patients (Table 4) . Levels of unconjugated primary BAs were also higher in cirrhotics but unconjugated DCA was lower in this group compared to controls.
Prospective study of rifaximin
We studied six early cirrhotic patients before and after use of rifaximin 550mg PO BID for 8 weeks. The mean age was 52±5 years and four patients were men. The mean MELD score was 10 and the etiologies were hepatitis C (n=4) and cryptogenic cirrhosis (n=2). All patients were able to tolerate rifaximin (adherence was 94%) and were on a stable diet (pre 2104 Kcal vs. post 2185 Kcal/day) during the trial. Stool was collected for BA and microbiota analysis at baseline and after 8 weeks of rifaximin therapy. The MELD score (pre 10±2 and post 10±4) and the median daily stool frequency (1 vs. 1, p=0.85) did not significantly change with rifaximin use. We found a significant reduction in the ratio of mean total secondary/primary bile acids and LCA/CDCA with a trend towards this reduction in the DCA/CA ratio in the group after rifaximin compared to baseline (Table 5 , Figures 1A , B and C).
Microbiome changes
The composition of the microbiota was different between groups with significant differences concentrated on the phyla Firmicutes, Bacteriodetes and Proteobacteria (Table 6) . A significantly higher Enterobacteriaceae and Veillonellaceae and lower autochthonous bacteria (Blautia, Ruminococcaceae, Lachnospiraceae) abundance in cirrhotics, especially advanced cirrhotics compared to controls was observed. When the entire group (controls and cirrhotics) were studied, a significant positive correlation was found within autochthonous bacteria abundance (Lachnospiraceae with Ruminococcaceae r=0.58, p=0.001 and with Blautia r=0.42, p=0.018, Ruminococcaceae with Blautia, r=0.57, p=0.001) while there was a negative correlation between Bacterioideaceae and Lachnospiraceae (r=−0.40, p=0.05) and between Bacterioideceae and Ruminococceae (r=−0.37, p=0.05). Coriobacteriaceae were positively correlated with Enterobacteriaceae (r=0.58, p=0.001) and Streptococcaceae (p=0.4, p=0.03).
When correlations were restricted to cirrhotics, the positive linkages within the autochthonous families increased in magnitude (Lachnospiraceae with Ruminococcaceae r=0.81, p<0.001, and with Blautia r=0.51, p=0.01 and Ruminococcaceae with Blautia, r=0.53, p=0.01). Similar to prior studies Alcaligenaceae and Porphyromonadaceae were highly correlated (r=0.67, p=0.001). The correlation between Coriobacteriaceae and Enterobacteriaceae (r=0.82, p<0.0001) and Streptococcaceae (r=0.6, p=0.001) increased in magnitude. However the negative relationship between Bacterioideaceae and Lachnospiraceae (r=−0.39, p=0.07) and between Bacterioideceae and Ruminococcaceae (r= −0.32, p=0.05) relatively weakened compared to when the entire group (control+cirrhosis) correlations.
After rifaximin, there were no significant changes in overall microbiome composition (Bacterioidetes 37% vs 32%, Firmicutes, 36% vs 35%, Proteobacteria 5% vs. 6%) while at the taxon level the only significant difference was a reduction in Veillonellaceae abundance(2.5% vs. 1%).
Correlation between stool BAs and microbiome
The fecal primary BA, CDCA was significantly positively correlated with Enterobacteriaceae (r=0.57, p=0.008) and negatively with Bacterioideceae (r=−0.5, p=0.026) abundance. No correlation between CA concentrations with microbiome was found. On the other hand, Ruminococcaceae were positively correlated with the secondary BA, DCA (r=0.4, p=0.05). There was also a significant positive correlation between
Discussion
We found a decrease in total fecal BA concentration and reduction in the ratio of secondary to primary BAs with worsening of liver disease severity. There was a significant reduction in the ratio of fecal secondary to primary BA concentrations in those on rifaximin in the cross-sectional study and also after rifaximin therapy in the prospective portion of the study. The microbiome in cirrhosis showed dysbiosis with overgrowth of Enterobacteriaceae and decrease in autochthonous genera compared to controls. Autochthonous genera were positively correlated with secondary BAs and the secondary/primary fecal BAs ratios, while the potentially pathogenic ones were correlated with primary BAs.
Apart from their digestive role, bile acids can influence the intestinal milieu, the integrity of the mucosal barrier and the synthesis of anti-bacterial peptides and lectins [6, 7] . They also have direct anti-microbial effect and can cause membrane damage to both microbial cells and the intestinal barrier [4, 8] . The conversion from primary to secondary BAs is usually performed by a restricted group of bacteria in the order Clostridiales [5] . This conversion is dependent on several factors, i.e. availability of the bacteria, adequate bile flow, adequate contact of the bacteria with the bile, and diet [11] . Therefore to account for these factors, instead of the absolute fecal concentrations, the ratios of secondary to primary BAs are useful and are also described throughout our paper. We found a lower absolute total BA value which was accompanied by a reduction in the secondary/primary BA ratio with the progression of liver disease severity. As expected, serum concentrations of BAs were significantly lower than fecal levels and there was a corresponding increase in conjugated and unconjugated primary BAs in the serum of cirrhotics, especially advanced patients, with a reduction in serum DCA in compared to controls. This is consistent with the cholestasis seen in cirrhotic patients in which BAs, even after sulphation, are refluxed into the circulation without reaching the intestinal lumen and influencing the microbiota [12] .
When the detection rate of fecal BAs was studied between groups, we found a higher proportion of controls had secondary BAs present compared to cirrhotics and vice versa with respect to CA but not CDCA. Replicating prior studies in the cirrhosis group, we found the major deficit to be in the CA rather than CDCA pathway [13] . An imbalance in the ratio between secondary to primary BAs in advanced cirrhosis was found even when the group that was on rifaximin and lactulose was compared to the group on lactulose alone, negating the possible effect of bowel movement frequency on this result. In prior studies the exact cause of this imbalance was not clear but the current study shows an association between gut dysbiosis and these changes in the bile acids.
The bacterial communities in cirrhosis showed dysbiosis; there was a significant reduction in families belonging to the order Clostridiales such as Lachnospiraceae, Ruminococcaceae and Blautia which are capable of performing 7α dehydroxylation and a significantly higher abundance of the potentially pathogenic family Enterobacteriaceae [1, 3, 14, 15] . This was also accompanied by a direct correlation between secondary bile acids and ratios with the autochthonous families. This dysbiosis in cirrhosis has been associated with complications such as hepatic encephalopathy and is only partly affected by drugs such as lactulose [16] . The enumeration of bacteria may in itself not explain the consequences of their overgrowth in cirrhosis, rather it may be the expression of metabolic function that can result in the production of ammonia, indoles, short-chain fatty acids and the conversion of primary to secondary bile acids [8, 17] . This conversion could be considered a "key functional test" of the gut microbiota which is the most robust in healthy individuals but least in the advanced cirrhotic patients. DCA is the major secondary BA that is re-absorbed into the entero-hepatic circulation; therefore the likely explanation of the lower DCA found in cirrhotic patients' bile is the lower conversion by the microbiota [13] . There could be other explanations for the decrease in secondary/primary BA ratio; a higher stool frequency could decrease contact time of BAs with bacteria in cirrhotics on lactulose and stool acidification by lactulose could potentially reduce 7α-dehydroxylation [8] .
Therefore to further study this mechanism, we conducted pre-post analysis after rifaximin, a broad-spectrum antibiotic that has shown to be efficacious in hepatic encephalopathy and travelers' diarrhea and has activity against Clostridia, especially C. difficile [18, 19] . Rifaximin therapy has been shown to change the functional activity and bacterial virulence, rather than being bactericidal and its action is promoted by adequate bile in in-vitro studies [20] [21] [22] . Confirming this, we found that despite a stable MELD score, diet and stool frequency, rifaximin resulted in a reduction of the secondary/primary BA ratio without a significant change in bacterial abundance apart from reduced Veillonellaceae. This indicates a change in the microbiota function is likely associated with this decreased conversion. Also the ratios achieved in early cirrhotics after rifaximin were similar to those seen in advanced cirrhotics (were also on lactulose) on rifaximin in the cross-sectional study. A recent study showed an increased primary BA profile in diarrhea-predominant irritable bowel syndrome that was closely linked to symptoms; in cirrhosis however, the bowel movement frequency was not related to primary BA conversion [23] .
The question now arises -what is the utility of this reduction in secondary/primary bile acid ratio in these situations? It could be argued that the bacteria that are normally suppressed by rifaximin could be responsible for not only secondary BA production, but also the production of other toxic molecules such as indoles and ammonia that can result in harmful effects to the host and part of its mechanism of action may be to reduce their pathogenicity [17, 18] . Bile acids especially CA and DCA can modulate the population of colonic bacteria due to their strong antimicrobial properties [24] . Given the synthetic deficits of CA in bile of cirrhotics, it is likely that overgrowth of bacteria that would usually be suppressed in situations of normal bile synthesis and flow would be promoted i.e. Enterobacteriaceae in the current study [22] . This in turn could potentiate several complications related to bacterial translocation due to deficient gut barrier function which are pre-mortal events in advanced cirrhosis [25, 26] . The correlation of secondary/primary BA ratios and secondary BAs with families present in healthy human flora such as Lachnospiraceae, Ruminococcaceae and Blautia is likely due to the ability of some species in these families to perform 7α-dehydroxylation and indicating the presence of a "normal flora". It has been shown that 7α-dehydroxylation from primary to secondary BAs provides an energy advantage to the bacteria [5] . However the exact role of secondary BAs in humans is still unclear. Secondary BAs have membrane destabilizing actions on the microbiota and on the gut epithelium [24] . Intestinal permeability increases and barrier function deteriorates with worsening cirrhosis; therefore it could be speculated that the reduction in secondary BAs could be a result of an adaptation to prevent this from occurring [27] . It could also be hypothesized that rifaximin which is clearly associated with good outcomes in early and advanced cirrhosis, acts in part by changing the behavior of the gut microbiota by reducing the production of secondary BAs, that could have a negative influence on the gut barrier. However, further studies are needed to understand this complex interaction between microbiota and bile acids in affecting the intestinal milieu. The findings, also, are not generalizable to severely advanced cirrhotics on absorbable antibiotics since they were excluded.
Therefore, we conclude that cirrhosis is associated with a decrease in total fecal BA concentration and a decrease in secondary BA conversion from primary BAs compared to controls, which worsens with the severity of the liver disease. There was also a significant increase in serum BAs in cirrhotic patients. This change in fecal bile acid patterns is modulated by the differential presence of key microbial families that may have important implications for the pathogenesis of cirrhosis. Further studies are needed to identify BAs as a therapeutic target for gut bacterial modification to prevent progression and complications of cirrhosis.
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LC-ESI-MS/MS
liquid chromatography-electrospray ionization tandem mass spectrometry : DCA/ CA ratio change; there was a significant decrease in the fecal secondary to primary bile acid ratios after rifaximin therapy in early cirrhotic patients Table 1 Baseline description of the study groups The median concentrations of taxa are shown with significantly higher Enterobacteriaceae and Veillonellaceae and lower autochthonous bacteria (Blautia, Ruminococcaceae, Lachnospiraceae) in cirrhotics, especially advanced cirrhotics compared to controls. P values only shown for key taxa that were present as median >0.1% abundance in at least one group
